Fuel cells and metal-air batteries are promising power sources for zero/low-emission vehicles, drones and wearable microelectronic devices owing to their high energy conversion efficiency, theoretical energy density and reliability. 1 Currently, one of the main challenges hindering their widespread application resides in developing high performance and cost-effective oxygen reduction reaction (ORR) electrocatalysts. Numerous studies demonstrate that heteroatom-doped porous carbons and their metal/oxide nanoparticle graed analogues have the potential to replace the Pt-based noble-metal catalyst, Pt/C.
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For example, numerous carbon catalysts have been designed by utilizing biomass, carbon nanotubes (CNTs), graphene-oxide, metal-organic frameworks (MOFs) and polymers as precursors. These carbon catalysts show very different structureactivity properties due to the related structural characteristics. Here, for instance, the nature of the carbon skeleton/substrate (i.e., amorphous, graphitic and porosity) plays a critical role in achieving the desired functionalised surfaces to promote their overall catalytic activity. Moreover, the concentration of active sites/centres, such as dopants and metal/-oxides in the carbons varies signicantly with respect to the starting precursor and processing method. Thus, these systems pose a great challenge in understanding for further developments, particularly for a generalized system-based process, viable for mass production and implementation of Pt-free fuel cells, metal-air batteries and electrolysers. The development of advanced synthesis methods with well-controllable structural features is therefore highly desirable.
Well-dened porous precursors, such as MOFs are highly attractive and can be designed to have the appropriate amounts of heteroatoms and metal centres. 3, [6] [7] [8] [9] MOFs with their ordered porous structures are gaining tremendous attention as multifunctional materials for many green energy applications, including molecular adsorption and catalysis. [10] [11] [12] [13] [14] Furthermore, MOFs can be tailored to develop an efficient electrocatalyst. 3, 4, 6, 15, 16 A microporous carbon framework consisting of nitrogen dopant coordinated metal centers, i.e., the M-N-C (where M is a 3d transition metal/-oxide or combination of metals/-oxides, Mn, Fe, Co, and Ni) system, is proposed to be an ideal ORR candidate. 4, [17] [18] [19] Carbonization of MOFs can generate simultaneous incorporation of intrinsic ligand heteroatoms and metal centres within the carbon matrix. The calcination temperature and atmosphere also play a key role in designing catalyst derivatives. 15, 20, 21 Accordingly, ZIF-67 (zeolitic imidazolate framework-67) with its intrinsic microporosity and imidazolate (C 3 H 3 N 2 ) ligand heteroatoms (C and N) and Co metal centres is an ideal precursor to develop the M-N-C catalyst system through a suitable thermolysis route. During this process the framework undergoes complete structural transformation through decomposition followed by rearrangement of the ligands carbon and nitrogen with embedded cobaltcomplexes. However, in the literature these ZIF-derived carbon structures are far from the ideal system, commonly due to inadequate processing methods. The carbonization of ZIFs is frequently carried out at elevated temperature, beyond 600 C and up to 1100 C. 3, 4, 16, [20] [21] [22] [23] [24] [25] [26] [27] [28] This carbonization temperature is a critical parameter to control the respective elemental concentration in the targeted M-N-C system. The hightemperature treatment of the ZIF precursors usually induces a low catalyst yield with a mass loss of >70 wt%, mostly due to the dissociation of the highly desirable active -N-C, or hydrocarbon content. 24, 29 This also leads to a high concentration of inherent metal in the nal product, which can amount to over 45 wt% in the case of ZIF-67. 21, 24 Moreover, the thermally induced reduction of metal cations followed by severe aggregation, and associated metal catalysed graphitization of ligand carbon, signicantly reduces the porosity and mass activity of the nal structures. Thus, oen a post-synthesis acid washing procedure is required to remove the large metal clusters and excessive free metal in the carbon. Nevertheless, simply washing out the cobalt metal (about 30 wt% cobalt mass loss) is a great waste of the resources. 20, 24, [30] [31] [32] [33] [34] Furthermore, a second oxidation step is necessary in order to achieve a metal-oxide or oxide-shell at the metal core in the system.
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In another approach, to mitigate this problem or for efficient use of inherent nitrogen and metal centres, the hybrid structures have been developed by using extra carbon substrates, such as graphene-oxide (GO) or reduced GO (rGO). ), 44 with its packed layer-structure, it is difficult to achieve a homogeneous hybrid system from the surface grown MOF/ZIF crystals. 30, 38, 40, 47 However, the derivatives of the ZIF@rGO framework with increased surface area can boost the overall activity by facilitating the accessibility and distribution of reactants and products.
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In principle, thermal-shock exfoliated GO (EGO) would be an ideal substrate, as it not only exhibits a high specic surface area (z700 m 2 g À1 ) but also has a exible pore structure with an extensive network of hierarchical meso/macropores (up to 6 cm 3 g À1 ; with sizes between 5 and 200 nm), for pore-conned growth of ZIF nanocrystals. 44, 45 Moreover, the lower oxygen content (z13 atom%), with highly concentrated defects as anchoring sites can promote homogeneous crystal nucleation within its hyperporous nanospaces. The thermolysis of ZIFs/MOFs at mild temperatures before their full decomposition or carbonization at >600
C has yielded a defect-rich active structure by preserving their intrinsic pore structure with highly exposed (open) metal centres from the partly decomposed framework links at a minimal loss of the sample. 10, 11 Therefore, such ZIF@EGO is expected to produce an active ORR catalyst in high mass yield at mild thermolysis temperatures, #500 C. It is well known that the ORR performance of carbon-based catalysts is mainly determined by the exposed active sites, mass transport and electron transfer.
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Hence, to realise this, for the rst time, we demonstrate the in situ growth of ZIF-67 nanocrystals at a high concentration within the nanospaces of hyperporous graphenic networks (ZIF-67@EGO) (Fig. 1) . Firstly, the precursor GO is produced by a modied Hummers method followed by thermal-shock exfoliation at 400 C for z5 minutes (see the Experimental section).
Subsequently, the ZIF-67@EGO is synthesised by homogenising EGO with the cobalt and imidazole precursor containing methanol solutions under continuous shaking overnight at room temperature. The scanning and transmission electron microscopy (SEM and TEM) as well as powder X-ray diffraction (PXRD) and Fourier-transform infrared spectroscopy (FTIR) reveal that the polyhedral ZIF-67 crystals with an average size around 30-40 nm are uniformly decorated in the networked graphene sheets (Fig. 1a -f and S1-S3 †). This is further revealed using atomic force microscopy ( Fig. S3 †) . The structural characteristics and mass tracking before and aer synthesis conrm a ZIF loading of 60 wt% at EGO (Fig. 1g , h and S4 †). It is worth noting that there is no free ZIF-67 (free of EGO substrate) detected under such controlled synthesis conditions. The surface oxygen functional groups and defect sites in the EGO can act as anchoring sites for ZIF crystals to nucleate and grow on its surface. 29, 30, 48 However, here a controlled synthesis, i.e., controlling the concentration of precursors is important. Any excess ZIF growth leads to free and agglomerated particles due to the second or multilayer formation to reduce the EGO surface interaction. The sample with an increased concentration of ZIF at EGO (for a loading of 80 wt%) shows surface free ZIF agglomerated crystals (Fig. S5 †) . The hybrid exhibits a combined highly hierarchical accessible porosity of abundant micropores from ZIF-67 and meso-and macropores from EGO ( Fig. 1h, S6 and S7 †).
The combined thermogravimetry and mass-spectrometry (TG-MS) of ZIF-67 and ZIF-67@EGO reveal further information necessary for developing efficient hybrid catalyst systems ( Fig. 1i and S8 †). Compared with pristine ZIF-67, ZIF-67@EGO exhibits different mass-loss behaviour -partly due to the dissociation of residual oxygen groups on the EGO (at >200 C)
followed by further oxidation associated gasication of ZIF-67 (at $350 C). 39, 46 This partial decomposition of the ligand leads to breakdown of the ZIF framework structure to create active unsaturated cobalt metal centres (also called 'open metal' centres). Thus, this active nanophase readily reacts with the outgoing residual oxygen fragments on the EGO to form surface oxidised cobalt centres. This phase transition process strongly depends on the liberated oxygen functional groups from the EGO and thermolysis temperature. It should be noted that the actual framework and ligand decomposition of the ZIF-67 (without the EGO) occurs at >500 C, and thus most of the literature uses relatively high carbonization temperatures.
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Further to this, the literature reveals that such elevated thermolysis temperatures lead to severe metal aggregation, with a signicant loss of active nitrogen content and mass yield of the catalyst.
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In contrast, as discussed below, this newly developed hybrid, the ZIF-67@EGO sample with the above characteristic transformative insights into the optimised catalyst derivative, Co 3 O 4 / Co@N-G-450, is designed by carrying out thermolysis in the mild temperature region of 400-500 C. The synthesis at different temperatures is carried out in a tube furnace under a nitrogen atmosphere (see the Experimental section). The mass tracking of the precursor and product before and aer thermolysis at 450 C, respectively accounts for a high mass yield of z65 wt%. The as-produced samples are investigated directly for all of the characterization techniques, including electrochemical tests, without any further chemical treatment, such as acid treatment or secondary oxidation and/or heat treatment. 20, 30, 36 Detailed insight into the structural transformation with respect to the thermolysis temperature is obtained by electron microscopy (Fig. 2a-f and S9 †). For instance, at 400 C, the ZIF-67@EGO sample exhibits a polyhedral ZIF-67 structure with a slight reduction of the average size induced by the partial gasication (as detailed in Fig. 1) . A considerable morphological change and full fragmentation of ZIF-67 can be seen for the sample produced at 450 C. The mean size of the nanoparticles is now only 5 nm and they are nely distributed in the graphene networks. High-resolution TEM (HR-TEM) and elemental mapping clearly demonstrate the uniform distribution of C, N, O and Co elements ( Fig. 2g-m) . It is worth noting that the two main phases of the dispersed nanoparticles are metallic Co and Co 3 O 4 . Further growth of these nanoparticles with a mean size of 22 nm is observed when the synthesis temperature is increased to 500 C. All these observations suggest that full fragmentation of ZIF-67 occurs to produce ultra-small Co 3 O 4 /Co metal nanoparticles at around 450 C. Aer this point, the increase of the thermolysis temperature can cause more dissociation of hydrocarbon and Co-N linker coordination. This induces a further oxidation of cobalt, and rapid metal migration and crystallinity, thus eventually leading to a bigger size of nanoparticles.
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Further to the above microscopic analysis, the structural transitions are evaluated by diffraction and spectroscopy (Fig. 3) . The sample produced at 400 C, as the on-set decomposition point, preserves the majority of the ZIF-67 crystallinity and framework structure. This is evidenced by characteristic diffraction peaks and metal-ligand (Co-N) and/or ligand (C-N) bond IR active vibrational modes at z424 cm À1 , z1566 cm
À1
and z755 cm À1 , respectively ( Fig. 3a and b) . There is no identiable evidence for cobalt-oxide (CoO or Co 3 O 4 ) at this stage (PXRD and Raman). In good agreement with the electron microscopy, the sample thermolysed at 450 C shows complete framework decomposition of ZIF-67, as observed by the disappearance of corresponding diffraction and IR peaks. Under such conditions, the product is mostly amorphous in nature, but a new set of weak and broad diffraction peaks emerge at (Fig. 3a) . The development of cobalt and cobalt-oxide phases is clearly seen in the sample derived at 500 C. (Fig. 3c) .
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More insights on the chemical nature of the derivatives, transformation of the coordination and associated atomic level information between Co/(-oxide)-N-C, are revealed by X-ray photoemission spectroscopy (XPS, Fig. 3d -f, S10-S12 and Table S1 †). The oxidation associated on-set and full framework decomposition can be understood by relative changes of the C 1s and N 1s spectra. Specically, the dissociation of C-N bonds in the ligand imidazolate ring can be seen by the narrowing of the shoulder at a high binding energy of the C 1s peak. Furthermore, the appearance of a new peak at high binding energy, at the expense of the symmetric N 1s peak indicates the loss of Co-N framework coordination (Fig. 3d, S12 and S13 †). A clear conversion of ligand pyrrolic type nitrogen to a graphitic-N and pyridinic-N is seen as dissociated active nitrogen radicals can readily react with the exposed defects (on oxygen dissociated points) in the EGO. Note that such extensive conversion of ligand nitrogen to a graphitic-N and pyridinic-N is not evidenced in the ZIF-67 alone derived product under similar synthesis conditions (Fig. S14 †) . Such framework decomposition leads to open metal centres in ZIFs and MOFs. 49, 50 The active cobalt centres then readily react with thermally liberated oxygen from the EGO substrate. Here, it is worth noting that EGO exhibits limited residual oxygen content (as it is already exfoliated by thermal-shock at 400 C), 44, 45 and the temperature plays a critical role in dissociating these remaining oxygen functional groups from EGO. Due to this, the hybrid, ZIF-67@EGO treated at 400 C shows little evidence for the oxidation of cobalt metal centres. As there is minimal framework decomposition, most of the Co-N 4 coordination remains intact (see PXRD and FTIR at Fig. 3a and b) . With increasing temperature, the Co 2p peaks gradually shi towards lower binding energy due to the loss of Co-N 4 followed by oxidation (Fig. 3e) 32, 51 This is also further well supported by the O 1s spectra. The precursor hybrid consists of two components, representing the surface residual oxygen functional groups in the form of C]O (z531.2 eV) and C-O (z533.4 eV) in EGO (Fig. 3f) . 45 This has a considerable changeover exhibiting three peak behaviours for the samples derived at 450-500 C. 32, 39 The lattice oxygen (z529.5 eV) emerges at 450 C and becomes more prominent at 500 C, indicating the crystallization of surface cobalt-oxide. A similar situation is observed during the calcination of MOFs to produce metal-oxide nanoparticles.
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During the thermolysis the transformation of oxygen functional groups in the EGO to adsorbed oxygen on the surface oxidised cobalt-oxide can be seen with corresponding changes of the peak and position (531.7 AE 0.1 eV). [52] [53] [54] Further to this, the decomposition of the ZIF-framework by oxygen etching shows a strong C-O peak owing primarily to the oxygen binding to the defective linker carbon. 54, 55 Here it is worth noting that simple surface-adsorbed oxygen without strong chemical interactions shows a symmetric peak in the pristine ZIF at a binding energy of z532 eV.
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Overall, it is suggested that the slow release of the small concentrations of the residual oxygen functionalities on the EGO is responsible for the controlled etching of the ZIF structure. Thus, this, in turn, produces an ultra-small amorphous and N-doped cobalt-oxide nanostructure at a relatively mildthermolysis temperature of z450
C. This has not been Fig. S10 and S11, and Table S1 . † achieved before in any type of ZIF/MOF/GO system. Control over dissociation of the framework, Co-N bonds and ligands, imidazolate ring in ZIF-67 is the key to produce a nanophase of Ndoped Co 3 O 4 /Co. This overview of the structural manipulation mechanism under mild oxidation conditions (EGO exhibits a very low amount of oxygenated groups compared to that of pristine GO, 13 atom% to 35 atom%) 44, 45 is schematically represented in Scheme 1. Such structures in the hyperporous graphene networks should provide extensive surface accessibility and enhanced mass activity of N-doped Co 3 O 4 /Co (or CoO/Co) centres for oxygen reduction electrocatalysis.
The ORR electrocatalytic performance of the as-synthesised samples is rst investigated by cyclic voltammetry (CV) in O 2 -saturated 0.1 M KOH under a three-electrode conguration. The development of the cathodic peak is indicative of the emerging ORR activity. 20, 48 Compared with the constituent derivatives (ZDC-450 and EGO-450 from pure ZIF-67 and pure EGO precursors), the Co 3 O 4 /Co@N-G samples exhibit a prominent ORR activity with a desirable positive reduction peak potential (0.823 V vs. RHE) and higher cathodic current density (Fig. 4a) . The linear sweep voltammetry (LSV) curves by a rotating disk electrode (RDE) technique show a remarkable activity variation among samples (Fig. 4b) . The step-like polarization curves with more positive reduction potentials, a steep slope (also known as minimum half-wave potentials, E 1/2 ) and a large current response ('limiting current density', J) toward negative potential are the main required characteristics for efficient ORR activity. Accordingly, the reference Pt/C with such characteristics was made as a benchmark material (Fig. S15 †) . [56] [57] [58] In agreement with the CV data, the ZIF-67 alone derived Co@N-containing amorphous framework (ZDC-450) shows a negligible ORR activity. This can be ascribed to the more resistive amorphous structure due to the insufficient carbonization at 450 C. This is one of the reasons why most of the literature has carried out the thermolysis at much higher temperatures, at least $700 C. 20, 21, 36 Also, in the case of calcination of ZIF-67 in air, the derived Co 3 O 4 alone does not exhibit desirable electron transfer and activity characteristics, 46, 59 and thus it is required to disperse it on conducting carbon nanostructures to enhance the accessibility and transportation of the reactants and products. 42 In many cases, to achieve the best ORR activity, ZIF-67 or ZIF-67/GO or their extra heteroatom complexes are thermolysed at elevated temperatures followed by acid washing of excessive cobalt metal in the products and oen subjected to a secondary oxidation step. The qualitative behaviour of the LSV curve of Co 3 O 4 /Co@N-G-450 shows the best ORR performance (Fig. 4c) . The onset potential (E onset , dened as the crossover potential at a current density of 0.1 mA cm À2 ) of z0.962 V is close to that of Fig. S16 †) . (e) Comparative ORR activity data: J and E 1/2 values against the thermolysis temperature for the catalysts in this work and other ZIF-derivatives, produced at elevated temperatures, taken from the literature (samples with second heat treatment and/or oxidation, and further acid washing are represented by red and olive colours, respectively). 21, 22, 24, 26, 30, 32, 33, [35] [36] [37] 40, 48 See Table S2 in the ESI † for further details.
a commercial Pt/C standard of z0.952 V (Fig. S15 †) . A highly favourable E 1/2 (z0.808 V vs. RHE) and J are also comparable to those of the Pt/C standard (z0.819 V vs. RHE). Not much activity performance enhancement can be seen in the sample, Co 3 O 4 /Co@N-G-500. This can be directly attributed to the increased particle size and loss of the active amorphous phase thus reducing its reactant adsorption binding and mass activity (Fig. 2) . 21, 32, 50, 51, 59 Clearly, the structures derived at >600 C show cobalt metal particles of over 100 nm in size, and can lead to micron sized particles. 38, 41 The ultra-small nanoparticles and their amorphous type should exhibit more exposed edges, defects/vacancies to make the surface more heterogeneous for efficient oxygen adsorption and catalysis. 21, 32, [49] [50] [51] Furthermore, the nitrogen functional groups can enhance the active heterogeneous surface and electron transfer. 21 The Co 3 O 4 /Co@N-G-450 sample with a relatively high concentration of graphitic-N and pyridinic-N (Fig. 3d, S13 and S14 †) should contribute to the enhancement of the overall electrocatalytic performance. 43, [60] [61] [62] The literature shows that nitrogen dopants in the carbon structures can enhance the heterogeneity of the charged carbon surface due to the lone pair electron transfer from nitrogen to carbon. Thus, the dopants can create positive cores to enhance the oxygen binding. Theoretical calculations further show that the associated reaction surface is exothermic. 21 Metal or metal-oxide in the carbons can further enhance the active site density by enhancing the electrostatic attraction of molecular oxygen. Again these structures show further reduction in the activation barrier for the intermediate formation thus favoring the overall reaction pathway. 21 Furthermore, the content of cobalt in Co 3 O 4 can improve the activity. This can be ascribed to the more conductive nature of the metals than their oxidized counterparts. It was shown that the gradual increase of surface oxidation of cobalt in the ZIF-67 derived Co-N-C leads to reduced ORR performance. 21, 63 Nevertheless, the CoO x @Co core is favorably considered as an active ORR material due to the presence of the Co 2+ /Co 3+ redox couple for electron transfer.
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Another important kinetic parameter (n, electron transfer number) for the ORR is analysed by the Koutecky-Levich (K-L) plots ( Fig. 4d and S16 †). Parallel linear tting lines indicate rst-order reaction kinetics and mostly a potential-independent electron transfer number, which is in the range of 3.91-3.96, close to the dominant four-electron pathway of Pt/C (i.e., O 2 is reduced to OH À ). This four-electron reaction pathway is considered to be favourable compared to the two-electron pathway for efficient ORR activity (ESI †). 64 It is worth noting that the samples derived from ZIF-67 and EGO alone, and the hybrid thermolysed at 400 C are less likely to show this fourelectron activity (Fig. S17 †) . The steeper slopes in the kinetic region with a corresponding smaller Tafel slope of z62 mV dec À1 in Co 3 O 4 /Co@N-G-450 compared with z86 mV dec À1 of Pt/C (Fig. S18 †) further conrm the excellent ORR activity. A dual-site mechanism was proposed for a composite ORR catalyst material, featuring Co nanoparticles coated with Co oxides and Co 2+ species associated with N-C moieties, by which oxygen is reduced to peroxide at Co-N-C sites and further reduced to OH À at Co x O y /Co sites. 42, 65 The long term stability is another important characteristic of the catalyst. The chronoamperometry tests (current response with respect to time under a xed potential) show comparatively enhanced stability with a current response activity retention of over 85% compared with 50% for Pt/C over 20 h operation (Fig. S19 †) . An activity retention of 75% can be seen aer 50 h operation. This catalyst sample, before and aer the ORR stability test, further probed by XPS indicates a slight change in its respective Co 2+ and Co 3+ components. As expected the sample aer the ORR stability test shows enhanced Co 3+ with a Co 2+ /Co 3+ ratio of z0.6 compared to z0.9 in the sample before the ORR stability test (Fig. S20 †) (Fig. 4e, Table S2 †) . The low-temperature designed Co 3 O 4 /Co@N-G exhibits better performance metrics as indicated by J and E 1/2 . It is worth noting that those literature catalysts were derived at much higher synthesis temperatures, and also with extensive chemical treatment, such as acid treatment and/or second-step thermolysis, or other functional additives. The pure ZIFderived metal nanoparticle encapsulated in carbon nanostructures usually involves carbonization in the presence of hazardous H 2 gas and further oxidation to form metal@metal-oxide heterostructures. 20, 36, 37 In other cases, the ZIF/GO hybrid structures oen suffer from signicant mass loss due to the abundant oxygen functional groups in GO and an additional long-term acid leaching procedure to remove highly aggregated metal nanoparticles, which would result in a very low mass yield of the catalyst. 29, 30, 38, 40 Therefore, the present low-temperature synthesis strategy is not only a facile approach to produce high-performance ORR catalysts with higher catalyst yield and lower thermal energy consumption, but also an effective way of controlling the metal nanoparticle growth and surface oxidation.
Conclusions
In summary, a facile and highly controllable strategy is presented that can produce ultra-small Co 3 O 4 /Co nanoparticles in nitrogen-doped hierarchical carbon networks for a highperformance oxygen reduction reaction. The residual oxygen groups in the thermal-shock exfoliated graphene-oxide lead to controlled gasication of ZIF-67 followed by oxidation of the open active cobalt metal centres at mild thermolysis temperatures of z450 C. Such conditions facilitate a high mass yield of the catalyst over 65 wt% compared to the commonly reported carbon-based catalyst yield of z30 wt% or less, obtained through harsh synthesis and high-temperature thermolysis routes. The proposed low-temperature approach can also favour the amorphous phase of Co 3 O 4 /CoO/Co to exhibit an active surface for the catalysis reaction. Thus, the as-prepared Co 3 O 4 / Co@N-G delivers a high onset and half-wave potential, comparable with those of the commercial platinum/carbon standard. Furthermore, the activity of the Co 3 O 4 /Co@N-G is superior to those of several ZIF-67 based derivatives, which are produced by extended chemical manipulations, including addition of extra heteroatom precursors, thermolysis at elevated temperatures followed by acid etching of metal particles, and/or secondary heat treatment or chemical modication and doping. Therefore, these systems pose a great challenge in understanding for further developments. This currently proposed low-temperature thermolysis route is a new and cost-effective approach to design and produce diverse MOF (ZIF)-derived metal/metal-oxides in carbon-based hybrid structures for electrochemical catalysis reactions.
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